Abstract: Five simple-comb polymer liquid crystals -four polyacrylates and one polysiloxane -were studied using thermogravimetric analysis. A simple kinetic model was used to access the activation energy of the weight loss events. For the polyacrylates one main degradation process was observed with activation energy around 165 kJ/mol, probably involving intramolecular transfer, which would include a coupled weight loss mechanism of both polymeric backbone and mesogenic side-groups. For the studied polysiloxane, two overlapped mechanisms are observed that suggest separate mechanisms for the degradation of side-groups and main chain.
Introduction
Typically, the constitution of side-chain polymer liquid crystals (SCPLCs) comprises three structural units: a polymer backbone, a flexible spacer, usually consisting of an alkyl chain -(CH 2 ) x -, and a mesogenic core [1] [2] [3] . This spacer allows to decouple and enhance, to some extent, the mobility of the mesogen from that of the main chain [4] . These polymers may thus present liquid crystalline properties, generally between the glass transition (T g ) and the clearing temperature (T c ).
There is a clear interest, both of fundamental and applied research groups, in the investigation of such materials. The versatile nature of SCPLCs confers to them many physical (density, heat capacity, etc.), mechanical and rheological properties of polymers and, simultaneously, the anisotropic and peculiar optical features of monomer liquid crystals, albeit on a much slower response time scale. This combination of properties makes SCPLCs attractive for a variety of commercial applications, including optical data storage, non-linear optics, holographic applications, stress sensors and chromatography [2] .
One advantage of thermotropic SCPLCs is that they may be processed by conventional melt-based techniques above T c , including extrusion, injection moulding or compression moulding, enabling to shape pieces with any geometry. It is thus important to characterise the thermal stability of this class of materials, in order to predict if degradation could occur during processing. However, such kinds of studies are scarce [5] [6] [7] [8] [9] [10] . Degradation tests have been included in the characterisation package of novel materials without an attempt of relating structure and thermal stability or describing the degradation mechanisms. In this context, it would be interesting to identify any correlation between the chemical structure of SCPLCs and their thermal degradation features, which ultimately may be used to predict the thermal behaviour of potential new structures.
In this work the thermal stability of a series of SCPLCs, some of them with subtle differences in the chemical structure, will be investigated using thermogravimetric analysis (TGA). The loss of sample mass during a temperature scan was registered and a simple kinetic model was chosen to estimate the activation energy of the solidstate chemical reaction that accompanies the degradation processes.
Experimental part
The SCPLCs studied in this work are from Merck and their structure and transition temperatures are shown in Tab. 1. As reported by other authors, a variety of distinct architectures can be found among SCPLCs, and further classifications may be recommended [11] [12] [13] . According to this systematisation the materials in Tab. 1 belong to the class of simple-comb polymer liquid crystals.
The materials were studied without any further purification. They consist of four polyacrylates and one polysiloxane (SCPLC5). The spacer length varies from 2 to 6 methylene groups and all substances have two phenyl rings in the mesogenic region, with or without an ester linkage between them. As several polyacrylate-based SCPLCs were studied, TGA tests on poly(methyl acrylate), PMA, were also performed. PMA tested in this work was obtained with a slight degree of cross-linking (0.1% of ethylene glycol dimethacrylate) that should not change significantly its degradation behaviour; more details about PMA preparation may be found elsewhere [14] .
TGA experiments were performed in all materials, using a Perkin-Elmer TGA7, under nitrogen atmosphere. The initial sample mass was always about 5 mg. A platinum pan was used to support the samples (in a powder form, except for SCPLC5 that has a sticky consistency) and the scanning rate was 20°C/min, covering the temperature range 30 -700°C.
SCPLC4 exhibits a peculiar and interesting sequence of liquid-crystalline phase transitions: above T g it passes, with increasing temperature, to a smectic-C phase, then to a smectic-A phase, and finally to a nematic phase, before going to an isotropic liquid. As, to our knowledge, the morphology along the temperature axis was never reported, optical polarised transmitted light microscopy (Olympus BH-2) was used, together with a hot stage to control the sample temperature (Linkam THMS 600) and a digital camera to register the microstructure (Olympus DP11). For such experiments a thin film was prepared by hot pressing the material between two glass slides, which were placed in the hot stage for the observations. Micrographs were taken while the samples were subjected to a heating program at 5°C/min. 
Polarised light microscopy
As an example of the different phases that may be observed in SCPLCs, some polarised optical micrographs were taken for SCPLC4 ( Fig. 1) . At 75°C the polymer is in its S c phase, exhibiting a granular texture. At 107°C the microstructure of the S A phase is shown that seems more ordered (larger granules with clear separation regions between them) than the latter one. The typical smectic-A microstructures are characterised by the simple focal conic texture, i.e., ellipses and hyperbolae possessing a common focus and which thus appear as lines of discontinuity in a molecular arrangement following Dupin cyclide surfaces [2] . This kind of textures was not observed probably due to the lack of a proper annealing of the sample in this temperature region. However, a clear transition between the two smectic phases was observed. The birefringent texture changes dramatically when the material transforms into the nematic phase. An example of this structure is shown in Fig. 1 (micrograph at 154°C), where the so-called Schlieren texture is observed. An isotropic liquid is obtained with further heating (see example of the micrograph at 166°C, where there is a clear loss of birefringence). The evolution of the microstructure is rather complex in this system and depends strongly upon the thermal history. It was found that a subsequent cooling of SCPLC4 from the isotropic state at 5°C/min showed a different progress of the phase transitions and of the phase and biphasic structures than the one observed during heating (not shown). This study is, however, out of the scope of this work. 
Thermogravimetric analysis
Thermogravimetric analysis (TGA) has proved to be a suitable method to investigate the thermal stability of polymeric systems [15, 16] . The knowledge of degradation and of the mode of decomposition under the influence of heat is highly recommended in processing optimisation. The threshold decomposition temperature gives an indication of the highest processing temperature that can be used, whereas the study of the kinetics of the different decomposition processes may help in the identification of the degradation mechanisms.
Usually, the analysis of TGA data is not straightforward. The rough results cannot be directly converted into absolute features of the studied material. In fact, they may depend on factors such as sample geometry and mass, sample compactability, heating rate or gas environment. The results reported in this work are specific to the experimental conditions used. Precautions were taken to maintain a similar geometry or mass in the different studied samples. Therefore, at least, a comparative analysis between the studied materials can be done. 2a shows the TGA data for the studied SCPLCs. It is clear that for all materials a major weight-loss process is observed, between 350 and 550°C. No dehydration is found around 100°C, due to the hydrophobic natures of the polymers. From the degradation process observed in the curves some information may be extracted, namely the temperature at which the thermal degradation occurs. We may identify here two temperatures: (i) the initial temperature, T initial , which is defined as the temperature at which the experimental curve diverges from the tangent line that the mass evolution follows before degradation, and (ii) the onset temperature, T onset , that is calculated by extending the pre-degradation portion of the curve to the point of interception with a line drawn as a tangent to the steepest portion of the mass curve occurring during degradation. The two temperatures are indicated for the five SCPLCs in Tab. 2. The initial temperatures are concentrated in a narrow range between 366 and 379°C and the T onset values are within the interval 423 -439°C. From the replication of experiments on a same material, one may estimate an error in the determination of the temperatures in Tab. 2 of about 2 -3°C. One could expect similar results for all polyacrylates, but the studied polysiloxane also degrades in a similar temperature range.
The results in Fig. 2a indicate that for all materials a residue is retained after the main degradation mechanism (see also Tab. 2). For the polyacrylates, we find at 650°C a retained mass fraction between 3 and 9%. No direct correlation is found between these values and the structure. One could perhaps point out to the fact that the loss mass at 650°C tends to increase as the spacer length increases. The residue of the pyrolysis process is much higher for SCPLC5. A possible explanation may be the non-volatile degradation products of the main chain that contains silicon atoms. More studies should be done to confirm if silica-like molecules are present at the end of thermal degradation. However, an indication that the residue is mainly composed by SiO 2 -like substances can be provided by the analysis of the mass ratio of SiO 2 (molecular weight of 60.0) with respect to the mass of the repetitive unit of SCPLC5 (molecular weight of 470.6), existing in one mole of repetitive units. This ratio yields 12.7%, which is of the same order as the retained mass fraction at high temperature for this polymer. However, other residues could be formed. For example, it was reported that the thermal degradation of polydimethylsiloxane (PDMS) in inert atmosphere leads to a cyclic product, hexamethylcyclotrisiloxane [17, 18] .
More detailed information can be drawn from the TGA data by analysing the differentiated degradation curves. The DTG curves are shown in Fig. 2b for all materials. One should mention here that errors are usually associated with the calculation of such curves; in fact, numeric differentiation is typically an ill-posed problem [19] . In this work, the DTG curves are presented to qualitatively compare the results obtained from the different SCPLCs, and the differentiation was simply performed by calcu-lating the slope of consecutive TG points. The values of the temperature of degradation peaks, T max , corresponding to the temperature of maximum loss mass rate, are included in Tab. 2.
Clearly, one main mechanism is found for the polyacrylates that occurs with T max ranging between 465 and 487°C. This could indicate that the degradation of both the main chains and the side-groups are coupled and a single degradation mechanism could be linked to the process. In fact, if two or more degradation paths would occur one should detect the pyrolysis of the polyacrylate chain in a given temperature range, and one or more degradation processes of the side chains in other temperature regions. Such kind of events was observed, e.g., in a non-liquid-crystalline polyacrylate with a side group that includes a phenyl ring -the 4-(tert-butoxycarbonyloxy)phenyl group [20] . Degradation was observed at 160°C, corresponding to the loss of isobutylene and CO 2 and a second fragmentation occurred at 420°C, corresponding to the loss of the 4-hydroxylbenzyl moiety as a quinoid-type molecule. The authors suggested that this higher-temperature process does not correspond to the degradation of the polyacrylic chain that is included in the residue found at 600°C [20] . However, in the present work parallel TGA tests on a simple polyacrylate, poly-(methyl acrylate) (PMA), were performed, and a single degradation process was detected below 650°C, with a final residue lower than 10% of the initial weight. This process should correspond to the degradation of the entire polymeric structure. The degradation process of PMA in the TG trace appears with a T onset of 368°C and T max = 386°C (results not shown), i.e., in a lower temperature region than the studied SCPLCs. Such results suggest that the side groups of the SCPLCs, composed by the spacer and the mesogenic groups (rich in aromatic groups), tend to enhance the thermal stability of the polymers, with respect to a simpler polymer, PMA, where the 'side chain' is a -COOCH 3 group. We suggest here that the pyrolysis mechanism of the polyacrylate SCPLCs involves both chain scission and mass loss of the side groups in a coupled way. Only in SCPLC4 a lower-temperature loss process is detected, with a T max at 274°C (see inset of Fig. 2b ). Due to the low intensity and area of this peak, this process should probably correspond to the loss of a lowmolecular-weight product, resulting, e.g., from the degradation of the non-aromatic extremity of the mesogenic group (4-propylcyclohexyl).
The degradation of the polymeric backbone in the polyacrylate SCPLCs should have similar features to the pyrolysis of PMA. Therefore, it would be interesting make a few comments on the thermal degradation mechanisms in PMA that have been reported before in several studies. For example, Lehrle and Place published a series of papers regarding the identification of the pyrolysis products of PMA, obtained at different temperatures, times and sample mass, using gas chromatography [21] [22] [23] . It was found from tests at 700°C that the main mechanism does not involve significantly random scissions but rather mainly proceeds by depropagation, accompanied by intramolecular transfer, probably intramolecular hydrogen transfer followed by β-scission [21] . For the case of the studied SCPLCs, the radical species appearing in the process could be stabilised by the phenyl groups. The degradation kinetics of PMA monitored at 400°C allowed to conclude that the oligomers and monomers appearing during degradation are not simple pyrolysis products formed in parallel first-order reactions [22] ; rather, consecutive (secondary) reactions influence the product yields in PMA thermal degradation. Therefore, intramolecular transfer mechanisms are important but they do not control totally the oligomer formation. Experiments at 500°C with different PMA weights allowed confirming the occurrence of secondary reactions [23] .
For the studied polysiloxane, SCPLC5, two clear, but partially overlapped, degradation mechanisms are observed. The DTG trace in Fig. 2b shows a peak at 520°C, with a shoulder at c. 467°C, corresponding to a less intense loss process. For pure PDMS, one clear degradation process is found, in inert atmosphere, at 514°C (temperature of maximum DTG peak) [18] . We could then infer that the highertemperature process could involve degradation of the polysiloxane backbone (very similar to PDMS). The lower-temperature process should involve degradation of the side groups. However, such attribution would need complementary tests, including identification of the products using IR spectroscopy, NMR or gas chromatography.
Degradation kinetics
To obtain further information from the experimental data, the kinetics of the loss processes may be investigated. The expression for the thermal decomposition of a homogeneous system has the following general form:
α represents the reaction extent of the component of the sample being degraded, defined by α(t) = (w 0 -w(t))/(w 0 -w ∞ ), in which w 0 , w(t) and w ∞ are the weights of the sample before degradation, at time t and after total conversion, respectively. k(T) is the rate coefficient that usually follows the Arrhenius equation. The differential conversion function, f(α), may present various functional forms but its most common form for solid-state reactions is f(α) = (1 -α) n , where n is the reaction order, assumed to remain constant during the reaction [15] .
For a given heating rate β = dT/dt, we have
where E a is the activation energy and A the Arrhenius pre-exponential factor. A large number of pyrolysis processes can be approximated as first order reactions [24] . Therefore, we will assume n = 1 for the remainder of the present text. Note that the main objective here is to compare the features of kinetics of the studied SCPLCs. This may be done if we know a priori the principal simplifications that are made. Therefore, the discussion resulting from the obtained results must consider not their absolute values but rather the differences found between them. Under the assumption of n = 1 the integration of Eq. (2) leads to:
The temperature integral does not have an exact form. Several approximations for the integrand function lead to several methods for evaluating the thermokinetic parameters A and E a from a single thermogravimetric experiment carried out at a given heating rate. In the Broido method, taking into account that the temperature range of analysis is close to T max , we have [24] . Then Eq. (3) may be written as
In this method, a straight line should be observed in the plot of ln(-ln(1 -α)) vs. T -1 with a slope of -E a /R.
The data in Fig. 2a was used to calculate α(T) and the plots ln(-ln (1 -α) ) vs. T -1 are shown in Fig. 3 for the studied SCPLCs. Note that for SCPLC5 two temperature regions were addressed in order to investigate the kinetics of the two observed processes. The process at 274°C of SCPLC4 was not investigated, due to its low intensity. T / ºC Despite the analyses using the Broido method were performed in each material along a significant broad temperature region, linear fitting of the data was fairly effective, always with R > 0.999. From the slope of the fittings the activation energies were calculated and included in Tab. 2.
The values of E a of SCPLC1, SCPLC2 and SCPLC3 are very similar, varying between 161 and 170 kJ/mol. Previously, it was found that T initial , T onset and T max are also comparable (Tab. 2). Such results should be assigned to the very similar structures of the polymers: SCPLC1 and SCPLC3 differ in spacer length by one methylene group and in the ester group between the phenyl rings in SCPLC3; SCPLC2 and SCPLC3 differ only in the end group of the mesogenic moiety. As commented before, PMA is less stable than the studied polyacrylate SCPLCs. As small differences are found between such materials we may suggest that the thermal stability in the SCPLCs is provided mainly by the aromatic structure. Even for SCPLC4, that exhibits a very different side-chain structure, a quite similar E a and degradation temperatures to the first three polymers are found, strengthening this conclusion. However, we speculate that the existence of the fluoride atom may contribute to a further stabilisation of the structure that could explain the slightly higher activation energy for SCPLC4.
For the polysiloxane SCPLC5, the activation energy of the higher-temperature process is of the order of the other polyacrylates. This could be a further evidence for the involvement of the side-group (that is similar to that of the polyacrylates) in this loss process.
Concluding remarks
The thermal stability of several SCPLCs (four polyacrylates and one polysiloxane) was investigated using TGA. Some polymers differ slightly in the chemical structure, but others show significant differences. However, one may conclude that the degradation behaviour is remarkably similar. This result may be attributed to the high thermal stability of the aromatic structure existing in the SCPLCs that comprise two phenyl groups. In fact, the studied polyacrylates exhibit typically a unique loss process that occurs at higher temperatures relatively to the one detected in poly-(methyl acrylate), or poly(methyl methacrylate) [25] . The activation energy found for the loss process in poly(methyl methacrylate) is 95 kJ/mol [25] , which is much lower than the one found for the studied liquid crystalline polyacrylates. Despite the volume of the side chains and their complex chemical nature, the studied polyacrylates showed typically one single degradation process. This was attributed to the coupled mechanisms of mass loss occurring in polymeric backbones and side-chains. As occurring in pure poly(methyl acrylate), such reaction could involve a complex intramolecular transfer, probably intramolecular hydrogen transfer followed by β-scission. Such ascriptions should be confirmed using complementary techniques. In a more practical point of view, we can conclude that such kind of liquid crystalline polymers can be safely processed using conventional melt-based processing techniques above the clearing temperatures, which are much lower than the temperature windows where degradation could occur.
